There are eight bisphenol analogues being identified and characterized; among them, bisphenol A (BPA) is on the priority list on the basis of its higher level of uses, occurrence, and toxicity. The endocrine system interfered by BPA has been inventoried as it has the same function as the natural hormone 17β-estradiol and binds mainly to the estrogen receptor (ER) to exhibit estrogenic activities. The BPA concentration in surface waters (14-1390 ng/L) in many parts of the world, such as Japan, Korea, China, and India, was also a significant concern. Research efforts are focusing on restricting BPA consumption as well as removing BPA in our environment especially in drinking water. Current opinion is that lignocellulosic activated carbon stimulated with BPAdegrading bacteria could have the potential to provide solution for recent challenges faced by water utilities arising from BPA contamination in water. This technology has some new trends in the low-cost biofiltration process for removing BPA. This review is to provide in-depth discussion on the fate of BPA in our ecosystem and underlines methods to enhance the efficacy of activated carbon in the presence of BPA-degrading bacteria in the biofiltration process.
Introduction
Bisphenols (BPs) are a cluster of emerging contaminants that currently threaten the global ecosystem due to their higher level of toxicity as an endocrine disruptor (Tsai 2006; Vandenberg et al. 2009; Rogers et al. 2013 ). There are eight bisphenol analogues being identified and characterized: bisphenol A (BPA), bisphenol S (BPS), bisphenol F (BPF), bisphenol B (BPB), bisphenol P (BPP), bisphenol Z (BPZ), bisphenol AF (BPAF), and bisphenol AP (BPAP) (Fig. 1) , and among those, BPA draws the most attention because it is most commonly used for production of polycarbonate (PC) plastics and epoxy resins. The production of BPA-based plastics for commercial use was initiated by Bayer Plastics (Germany) and General Electric (USA) in 1955 (Krimm et al. 1962; Henno and Pettis 1966) , and the usage of PC plastics has surpassed 260 million tons per year globally (Barnes et al. 2009 ). BPA is used as a monomer in making PC plastics and epoxy resins in electronic equipment, automobiles, construction glazing, sports safety equipment, laboratory and medical devices, tableware, reusable bottles (e.g., baby bottles), and food storage containers. By 2003, the global production of BPA was 3.2 million metric tons (Tsai 2006) . The demand of BPA has been growing steadily over the past few decades in Asian countries, especially South Korea, China, and Japan, accounting for a major share of BPA production globally (Huang et al. 2012) due to the increase of population. As a result, BPA has been detected in both terrestrial and aquatic ecosystems (Staples et al. 1998; USEPA, 2010) . Take the populated country, India, as an example. Although it has no BPA production plants, the indiscriminate use of plastics and lack of government legislation are causing this country to badly suffer from the rising BPA level in the aquatic ecosystem (Mahamuni and Shrinithivihahshini 2017) . The presence of BPA, BPS, and BPF has been reported throughout the river ecosystem (Yamazaki et al. 2015) and sediments (Wu et al. 2013 ) and even in drinking water treatment plant waters (Stackelberg et al. 2004) . The number of publications on such topic has greatly increased from fewer than 400 in 2001 to more than 2000 in 2017 (Fig. 2a) , and it has highlighted the significant attention of BP in our water systems.
Furthermore, the extensive use of PC plastics as food containers for storage or food processing increases the exposure of humans to BPA through oral ingestion. BPA and other BP analogues were identified in the breast milk, egg, etc. (Shao et al. 2007 ). The extensive use of epoxy resins and PC plastics from bisphenol residue left in food stuff, water, sediment, and indoor dust (Liao et al. 2012; Lee et al. 2013; Wu et al. 2013; Zhang et al. 2013; Selvaraj et al. 2014; Colin et al. 2014; Lee et al. 2015) causes detrimental effects on living organisms. BPA leaches from polycarbonate bottles/plastics into liquid (coffee, tea, and soft drinks). The amount of BPA leached mainly depends on the temperature, not on the age of the container; high-temperature liquids have the potential to leach more BPA. The heat and hydrolysis, such as pasteurization, sterilization, microwave heat treatment prior to serving, and washing of the plastic containers, result in increased leaching of the BPA (vom Saal and Hughes 2005) . Fig. 1 Chemical structure of bisphenol analogues (see Yamazaki et al. 2015) The potential endocrine-disrupting effects of BPA were first recognized in 1997 in an animal model (Steinmetz et al. 1997; vom Saal et al. 1997) . Having affected more than 5% of the US population, endocrine disorders have proven to be a significant public health concern. Disorders like diabetes mellitus, obesity, metabolic disorders, osteoporosis, osteopenia, erectile dysfunction in males, and thyroiditis are found to be more prevalent among the US population (Golden et al. 2009) . A recent search conducted in ScienceDirect continues to see an increase in publication featuring the BPA-breast cancer, BPA-sperm sterility, BPA-cardiovascular diseases, and BPA-diabetes; a total of 782 articles have been indexed in Web of Science starting only 56 in 2001 (Fig. 2b) .
Even though BPA has been observed at concentrations ranging from nanograms per liter (ng/L) to micrograms per liter (mg/L) in drinking water, the long-term consequent exposure of a living organism to this endocrinedisrupting compound cannot be ignored considering its significant negative impact (Golden et al. 2009 ). As a result, the recent water treatment technologies have been emphasized in treating BPA and other contaminants of emerging concerns (CECs) including advanced oxidation processes (Rosario-Ortiz et al. 2010) , ozonation (Wert et al. 2007) , and activated carbon (AC) (Kennedy et al. 2015) . It was well established that activated carbon significantly reduces dissolved organic carbon (DOC) in the treated water by binding the organic carbon compounds to absorption sites. The efficacy of dissolved organic matter removal by granular activated carbon (GAC) filtration has been proved to produce highly stable water (TOC = 0.1 to 1.2 mg L −1 ) (Chandy and Angles 2004) . The application of biologically enhanced activated carbon (BAC) has a potential to be used in the removal of BPA from drinking water in the future. The organic precursors rich in carbonplant residues, lignocellulosic material, agriculture waste, and desired bacterial strains-can be used as potential materials of making BAC (Yamanaka et al. 2008) . The application of carbon in human civilization dates back to the age of Hippocrates (around 400 BCE). Evidence shows that carbon was used in this time period to eliminate bad odor and taste and improve water quality and/or to prevent infectious diseases. Water was filtered with a wood char prior to consumption (Inagaki and Tascon 2006) . With the historical use, AC is known to remove many of the micropollutants (aromatic compounds, antibiotics, detergents, soluble dyes, chlorinated solvents, phenols, and hydroxyl derivatives) and emerging contaminants (including pesticides and endocrine disruptor compounds including bisphenol A) from water, therefore gaining popularity in both more economically developed countries and less economically developed countries (Inagaki and Tascon 2006) . But after continuous running for 5 months or 14,600 bed volumes were filtered, the absorbability of activated carbon dropped significantly (Zhang et al. 2010) . Interestingly, the removal rate in a BAC filter increases the lifespan of the carbon by at least 10 years. This is because the polysaccharides produced by bacteria attaching to the activated carbon grains adsorb or degrade the organic contaminants and their pores remain open for a longer period of time (Zhang et al. 2010) . Therefore, BAC has more benefits when they are sustained for longer periods of time. Furthermore, when dissolved organics are removed by bacterial catabolic activities, the biological filter beds become active for a longer period (Yamanaka et al. 2008) . The scientific production in carbon materials during the last 20 years has been very active and the current demand of activated carbon (liquid phase) accounts for more than 70% (Rodríguez-Reinoso et al. 2009) , and most of it is used for the treatment of drinking water. A recent search conducted in ScienceDirect continues to see an increase in publication featuring the activated carbon and biologically activated carbon with a total of 37,357 articles which have been indexed in Web of Science starting at 9234 in 2001 (Fig. 2b) .
This review reiterates the fate of BPA in our ecosystem, environmental concern, and mitigation option from drinking water. It also underlines methods to enhance the efficacy of activated carbon in the presence of BPA-degrading bacteria in the biofiltration process-these approaches have been carefully considered in these articles in order to meaningfully apply BPA-degrading bacteria for the welfare of biodiversity.
Residue and recycling of BPs in the ecosystem
Bisphenol analogues, especially BPA, are infiltrated into the ecosystem not primarily by dumping of BPAcontaining plastics but by having some other sources that elevated the level of BPA in the environment (Fig. 3) . The chemical waste of industrial origin is also a significant contributor of BPs. In Japan, cases of extremely high BPA were detected in the effluents (up to 370 μg/L) in paper recycling plants (Fukazawa et al. 2001 ). This can be used as substantial evidence proving the significant impact of industrial chemicals as a contributor of BPs. The presence of BPA was also spotted in underground water in a significant amount range of 0.05-0.20 μg/L (GonzalezCasado et al. 1998). The BPA in surface waters (14-1390 ng/L) of some Asian countries such as Japan, Korea, China, and India (Table 1) was recently detected and found to be toxic for organisms (Yamazaki et al. 2015) . These results suggested that surface waters in several Southeast Asian countries are not safe for drinking without treatment. Similarly, high levels of BPF such as that found in the Tamagawa River in Japan with concentration levels of 2850 ng/L show that consuming water from such sources is ill advised (Yamazaki et al. 2015) . BPA is also present in soil/sediments and air other than plastic and metal products (Tables 2 and 3) .
Despite the fact that several studies are available to establish the toxicity of BPA even at lower concentrations, the inconsistency of such studies provides challenges for preparing regulatory policies against BP usage in plastics by government agencies. Considering that BPA is a potential endocrine-disrupting compound (EDC), about 40 countries have adopted prohibitory policies on BPA with regard to food and its contact with plastics. Nonetheless, the highest populated country of the world, India, with a large number of plastic users, still does not have any policies for regulating BPA usage.
BP-biodiversity interactions
Currently, a strong interest in bisphenols in their significant adverse effects on millions of life forms in the biosphere has taken into consideration as an emerging research area worldwide. This group of chemicals disrupts the endocrine system of an organism (Fig. 4) . The endocrine system is vital for body physiology as it is made up of certain glands that secrete hormones that help normal metabolic function and biochemical reactions (Beausoleil et al. 2018 ) . The glands that secrete hormones regulate all biochemical reactions in different life stages. BPA can mimic the body's physiology by changing hormone levels that not only disrupt the functions of mitotic cells by acting as an estrogen agonist (Wozniak et al. 2005) but can also affect significant meiotic cells as seen in human fetal development (Sharma et al. 2018) . The negative impacts of BPA exposure on the reproductive functions of many of the wildlife both vertebrae and invertebrate including aquatic and terrestrial have become a matter of concern (Jörg et al. 2009 ). Consequently, many investigations also keep data on the Fig. 3 The use of plastic for business (selling tamarind pickle (a), processed rice (b), and milk (c) in plastic packets in the street in north east India) and unscientific disposal of used plastic water glass (d) endocrine-disrupting action of BPA (Ho et al. 2006; Yu et al. 2015a; Belcher et al. 2012) .
It was estimated that daily exposure to BPA at 50 mg/kg body weight significantly interferes with the developmental process and produces long-lasting effects on the structure and function of the brain (Kumar and Thakur 2017) . Furthermore, anxietyand depression-like behavior in mammals could be the result of the exposure of BPA (Harley et al. 2013; Heredia et al. 2016) . BPA has the same function as the natural hormone 17β-estradiol and binds mainly to the estrogen receptor (ER) to exhibit estrogenic activities (Quesada et al. 2002; Matsushima et al. 2007 ). Some of the chemicals such as bisphenol F (BPF) and bisphenol S (BPS) are generally used as alternatives in consumer products and labeled as BBPA-free,^and currently 20 chemicals are suggested as a BPA alternative (Rochester and Bolden 2015).
The current research ascertained that exposure to BPA is likely to be the precursors of breast cancer (European Food Safety Authority (EFSA) 2010) and to reduce sperm count and may be linked to obesity by stimulating fat cell activity. In addition, exposure to BPA has been associated with chronic disease conditions in humans and animal models such as cardiovascular disease and diabetes and is a serum marker of liver disease (Lang et al. 2008) . Although vitamin C (an antioxidant) can reduce DNA damage, it has been shown that BPA can cause oxidative stress on the human embryo liver L-02 cells by damaging DNA . Many animal studies also showed that BPA exposure decreases sperm production (Qiu et al. 2013) , increases the stillbirth rate (Wang et al. 2005) , affects embryonic development (Pei et al. 2003) , and decreases the viability of mesencephalic neuronal cells (Lin et al. 2006 ). In the latest research by Li et al. (2010) , the study reported that BPA-exposed workers had consistently higher risk of male sexual dysfunction across all domains of male sexual function than the unexposed workers.
In summary, BPs can be viewed as a cluster of emerging contaminants that can infiltrate the environment at potentially hazardous levels. Their existence can be detected in both aquatic and terrestrial food chains, where millions of lives are exposed. The ubiquitous nature of BPA in these food chains that affects the endocrine system of humans and other life forms makes it to be considered a man-made silent killer of modern society. Therefore, appropriate action should be taken in effort to mitigate the negative effects of BPA exposure.
Inoculation of BPA-degrading bacteria in activated carbon: prospective challenge in biofiltration
In recent years, research focuses on the removal of BPA from the environment using BPA-degrading bacteria as it is the most ecofriendly and potentially effective. Although these BPA-degrading bacteria are not widely used in the biofiltration process, they could be a good tool for removing BPA from various water sources. Biofiltration of polluted fluids by microorganisms has a potential benefit of biological activity (catabolism) which helps the removal process of organic contaminants (Cohen 2001 ). Current emphasis is on the biofiltration process to reduce the lifetime of organic pollutant in water environments as it is a low-priced option. Biofiltration is distinguished from a formal biowaste treatment technique by the fact that there is a partition within the microorganisms and the treated hazardous fluid. In biofiltration, the microbes are fixed and immobilized to the bedding material (e.g., activated carbon), while the treated fluid is migrant (i.e., it flows through the filter). There are certain methods that have been outlined for artificial immobilization of microorganisms to a support material (Cohen 2001) . Research on biofiltration enhanced our capacity building towards petrochemical wastewater (Xie et al. 2009 ), sulfur compounds (Ramírez et al. 2011 ), methanol (Ramirez-Lopez et al. 2010 , formaldehyde (Xie et al. 2009 (Xie et al. , 2010 , and xylene (Singh et al. 2017) . Unfortunately, evidence dealing with BPA water biofiltration is limited, although numerous fast BPA-degrading bacteria were isolated from soils, sludge, river, seawater, and even food sample (Table 4) . The bacterial strains adopted in BPA-a sole carbon source-comprises Sphingomonas sp., Pseudomonas sp., Achromobacter sp., Novosphingobium sp., Nitrosomonas sp., Serratia sp., Bordetella sp., Alcaligenes sp., Pandoraea sp., Klebsiella sp., and Cupriavidus sp. and gram-positive strains Streptomyces sp. and Bacillus sp. (Zhang et al. 2007; Kang and Kondo 2002) . Considering the BPA-degrading potential, the strains are also useful for the conditioning of lignocellulosic AC; the combination of both could be a great prospect in the biofiltration process for the removal of organic micropollutants including BPA (Fig. 5) . However, there are many BPA-degrading bacteria in the environment, and their BPA degradation abilities are strongly different with the strain specificity (Table 5) . AC is a state-of-the-art adsorbent broadly used for water purification for the removal of dissolved organics, CEC, and other micropollutants from drinking water including mycotoxins produced naturally in water (MorenoCastilla 2004; Quinlivan et al. 2005) . The efficacy of many activated carbons depends primarily on the surface area, the pore structure (Moreno-Castilla 2004) , and the quality of the raw materials used for their production. In the water treatment process, there are two types of AC usually used such as GAC and powdered activated carbon (PAC). Activated carbon has an internal porous structure (consisting of pores having diverse size distribution) which basically determines its ability to purify the water. However, with a hormone-receptor response mechanism and their effects on the endocrine system in long-term exposure Table 4 BPA-degrading bacterial strains can be used for conditioning lignocellulosic AC; the combination of both could be a great prospect in the biofiltration process for the removal of organic Enterobacter sp. HI9 and HA18
Matsumura et al. 2009
Arachis hypogaea Streptomyces sp. Kang et al. 2004 Triticum aestivum Poaceae NaOH 970 Schröder et al. 2007 Environ Sci Pollut Res (2018) 25:17227-17239 the efficacy of AC has been compromised by several issues. The major constraint relates to the decrease in the adsorption capacity of GAC over time due to saturation of available adsorption sites (Simpson 2008) . After decades of intense research concerning the use of AC in water purification, it was confirmed that the reduction in efficacy of AC was because of competition for the absorption sites between dissolved organic carbon and pollutants as they form complexes with AC and alter its physicochemical properties (Quinlivan et al. 2005) . Thus, activated carbons need to be replaced regularly, and therefore, long-term use of AC is critical.
However, the lifetime of AC could be extended by bioaugmentation of some potential microbes that degrade organic compounds and contaminants and maintain activity in the internal pores of AC.
As mentioned previously, bacteria are typically developed and proliferated in activated carbon beds which degrade the fraction of organics by utilizing them as their carbon source, thus being responsible for the net removal of contaminants. The bacteriamediated activated carbon removal of contaminants improved our understanding and helped our proposal for advanced and fast removal methods to improve performance of the water treatment 
Lobos et al. 1992
Sphingomonas bisphenolicum strain AO1 Strain AO1 completely degraded BPA at 115 mg L −1 in 6 h, when cultivated in L-BPA medium at 30°C Sasaki et al. 2005 Sphingomonas sp. strain BP-7 and Pseudomonas sp.
strain BP-14
A mixed culture of Sphingomonas sp. strain BP-7 and Pseudomonas sp. strain BP-14 showed complete degradation of 100 mg L −1 BPA within 7 days Sakai et al. 2007 Sphingomonas sp. strain BP-7 and Sphingomonas yanoikuyae strain BP-11R
These consortia efficiently degraded 300 mg L −1 BPA in the presence of AC, suggesting that an efficient system for BPA removal can be constructed by introducing BPA-degrading bacteria into an AC treatment system Yamanaka et al. 2008 Sphingomonas sp. strains SO11, SO1a, and SO4a
All the three strains completely degraded 115 mg L −1
BPA within 15 h Matsumura et al. 2009 process. These processes are economically feasible and have been implemented in many large water treatment plants worldwide for other contaminants, excluding BPA. The microbial activity can enhance the absorption capacity of AC for nonbiodegradable or slowly biodegradable compounds by eliminating substances that would otherwise compete for absorption sites. Bioaugmentation of bacteria can create a bioregeneration effect of AC and enhance their lives for longer periods of time. However, the empty bed contact time is the most important parameter for the removal of biodegradable organic matter. The bacteria colonize the rough porous surface of the AC and catabolize organic matters present on the surface as a source of energy. This biostimulated AC transformed to BAC, and eventually, bacteria filled the pores and surfaces of the AC with biomass or Bbiofilm^ (Quintelas et al. 2010; Rattier et al. 2012 ). This biofilm produced by the bacteria is capable of utilizing dissolved organic matter and other organic contaminants in the water through the process of biodegradation; these activities increased the operational life of the carbon bed by keeping the pore open for longer time (Seredyńska-Sobecka et al. 2006; Hijnen et al. 2010) . The BAC process filter can efficiently remove the organic biodegradable compounds, ammonia, many trace-level organic contaminants, and synthetic organic compounds (Hijnen et al. 2010) . However, there is limited data available regarding the use of BAC in the removal of BAP or other endocrine-disrupting compounds. Biologically activated carbon could be one of the potential processes if it is properly biostimulated with some BPAdegrading bacteria. The degradation of organic contaminants like BPA by bacteria due to the activity of some extracellular enzymes that were excreted by the bacteria can easily diffuse into the micropores of the AC and react with the absorbed materials.
Conclusion
The contamination of water sources by BPs is a ground reality of our society, and their negative impact has already been visible in human health. Even though there are numbers of available sources of exposure of BPAs, water is one of the many that every organism needs to be sustained. Methods on how to produce high-quality and BPA-free water for consumption and maintain a healthy life are a current research question. The conventional and advanced water production plants all apply physical and chemical means to remove unwanted chemicals and microorganisms; however, they need complex and high-cost infrastructure.
Our understanding of bacteria in drinking water is limited, as a majority of consumers still think that drinking water is sterile. However, studies are just beginning to uncover that microorganisms are ubiquitous during the process of drinking water production and distribution. Some of these bacteria have the remarkable capacity to degrade organic contaminants including BPs. The bacteria also grow as biofilms on pipe surfaces and could have a potential if applied in the biofiltration process. However, it is emphasized here that biostimulation of BPdegrading bacteria, within lignocellulosic activated carbon, into a commercial biofiltration system is in its preliminary stages and still needs extensive and planned experiment. Despite the problems related to bacterial metabolites such as some toxic compounds, these toxic compounds may be produced during degradation and transformation in purification processes; thus, technology seems to have many advantages. These advantages include the use of selected bacterial strains (this selected bacterial species might have fast BPA degraders), the potential to perform complex degradation processes, and the capacity to complete oxidative reductive processes. It seems that with the upgrading of the activated carbon beads' properties, this technology has a future potential in commercial biofiltration systems. However, it is very complicated to maintain the bacterial performance in the surface of activated carbon in open environmental systems, and hence, there is a need for optimization to cope with environmental factors (carbon source temperature, pH). Otherwise, the state of the bacteria does not reflect the desired outcomes.
